Abstract Castanopsis fargesii is a good afforestation plants and various microorganisms play important roles in mediating the growth and ecological functions of this species. In this study, we evaluated changes in microbial communities in soil samples from C. fargesii forests. The phospholipid fatty acid (PLFA) biomarker method was used to obtain bacteria, fungi, actinomycetes, gram-positive bacteria (G?), gram-negative bacteria (G-), aerobic bacteria, and anaerobic bacteria to investigate spatiotemporal changes in microbial communities during the growing season. The results show that soil microorganisms were mainly concentrated in the upper 20-cm layer, demonstrating an obvious surface aggregation (P \ 0.05). Large amounts of litter and heavy rainfall during the early growing season resulted in the highest PLFA contents for various microorganisms, whereas relatively low and stable levels were observed during other times. The dominant species during each period were bacteria. G? or aerobic bacteria were the main bacterial populations, providing insights into the overall trends of soil bacterial PLFA contents. Due to the relative accumulation of refractory substances during the later stages of litter decomposition, the effects of fungi increased significantly.
Introduction
Soil microorganisms are important components and active participants in material circulation, energy flow, and information transmission in forest ecosystems (Zhang et al. 2017) . Because of the sensitivity of these organisms to the living microenvironment, microbial community structure can be used as a sensitive index to evaluate changes in soil ecosystems. Studying the community structure and diversity of soil microbes can provide important insights into the stability of soil ecosystems, the buffering capacity of the soil against ecological deterioration, and soil quality (McGuire et al. 2010; Bardgett and van der Putten 2014; Huang et al. 2015) . Additionally, the ecological functions of microbes and the protection and utilization of forest resources are important areas of study. Several studies have been carried out on forest soil microbial communities with a focus on the effects of seasonal changes (Stevenson et al. 2014; Li et al. 2017) , vegetation types (Thoms et al. 2010; Yao et al. 2018) , altitude (Shen et al. 2013) , precipitation (Chen et al. 2015a, b; Nielsen and Ball 2015) , and nitrogen addition (Contosta et al. 2015; Zhou et al. 2017b ).
Castanopsis fargesii is a dominant species in evergreen broad-leaved forests in mid-subtropical regions. The species has a wide distribution, and high economic, ecological, and scientific value. To date, studies of C. fargesii forests have primarily focused on leaf phenolic compounds (Huang et al. 2017) , ecological footprints of population differentiation (Li et al. 2014) , soil organic carbon (Gong et al. 2015) , and ectotrophic mycorrhiza (Wang et al. 2011) . No studies have examined soil microorganisms associated with C. fargesii forests.
In this study, the soil of C. fargesii forests was evaluated using the phospholipid fatty acid (PLFA) method to explore vertical, temporal, and community structural changes in bacteria, fungi, and actinomycetes in different growing seasons. Redundancy Analysis (RDA) was used to explore the main factors that might affect changes in soil microbial communities in order to provide a basis for further evaluation of the stability of C. fargesii forests and the study of soil microorganisms.
Materials and methods

Site description
The study area was located in the Dagangshan Mountain Forest Eco-system Research Station in Fenyi County, Jiangxi Province (114°30 0 -114°45 0 E, 27°30 0 -27°50 0 N). This region has a humid subtropical monsoon climate, radiation of 486.6 kJ/cm 2 , an average annual temperature of 15.8°C, and an average annual precipitation of 1590.9 mm. Precipitation between April and June accounts for approximately 44.6% of the total annual rainfall. The soil is an ultisol, a highly weathered, leached soil of humid areas and formed from kaolinite, a layered clay. The parent rocks are granite, sandstone, phyllite, and plate shale. The soil is acidic with a sandy loam texture.
The C. fargesii forest was 50 years old, with an average height of 23 m, an average diameter at breast height of 25 cm, a smaller change in forest type, and a canopy density of 80%. Understory vegetation included Syzygium buxifolium Hook et Arn., Viburnum dilatatum Thunb., Cinnamomum porrectum (Roxb.) Kosterm, Machilus velutina Champ, Itea chinensis Hook et Arn., and Lophatherum gracile Brongn.
Sample collection
Five sample plots 20 m 9 20 m were randomly selected, each with five sampling points in an ''S'' shape. Sampling was centred on each point. During April (early growing season: flowering period), August (growing season: flourishing period), October (growing season: fruit maturity period), and December (dormant season), earth drills were used to collect the centre points of different layers of soil (0-20, 20-40, 40-60 , and 60-100 cm) at 0.5 m. These samples were mixed with five samples of the same soil layer to obtain a mixed soil sample (Fig. 1 ). Half the sample was kept at 4°C and used to determine PLFA (Bardgett et al. 1996) , and the other half was-air dried, processed through 2-and 0.149-mm sieves, and used to determine organic carbon contents, pH, particle compositions, and physical and chemical properties.
Measurement methods
Determination of PLFA
The biomarker method was used for the analysis of PLFA (Kourtev et al. 2002) . The samples were dissolved in 200 lL n-hexane and a 19:0 methyl ester used as the internal standard to produce a methylated fatty acid sample. A MIDI software system-based gas chromatograph (Hewlett-Packard 6890; Agilent, USA) was used for determination of PLFA quality (nmol g -1 ). The peak time and area of fatty acid methyl ester were used for analysis of the quality and distribution of microbial communities (Zhang et al. 2013a ). The absolute amount of PLFA was calculated by the area normalization method using the following formula: 
Soil rainfall and temperature
Rainfall is based on data from weather stations in Fenyi County; soil temperatures were measured by burying a U22-001 automatic thermometer at each sampling point (Table 1) .
Determination of litter
A 1 m 9 1 m nylon net litter collector (1 m from the ground) was placed at each of the four corners and the centre of each plot to collect litter at different periods (Fig. 2) .
Determination of soil physicochemical properties (State Forestry Bureau 1999) (Table 1) Measurement of water holding capacity was carried out using the ring knife method. Determination of soil organic carbon content was performed using the K 2 Cr 2 O 7 oxidation external heating method, and determination of pH was carried out by the potentiometric method (water to soil ratio of 2.5:1). The straw method was used to measure soil particle composition.
Statistical analysis
Soil microbial markers
Microorganisms are characterized by specific PLFA; therefore, based on previous studies, soil microbial markers were established (Table 2) (Zelles 1999; Bossio et al. 2006; Huygens et al. 2011; Breulmann et al. 2012; Moche et al. 2015; Wang et al. 2015; Moon et al. 2016; Richter et al. 2018 ).
Data analysis
One-way analysis of variance and Duncan tests were performed with Excel 2010 and SPSS 20.0 software (SPSS Inc., Armonk, NY, USA), and redundancy analysis (RDA) was performed using Canoco 4.5 software.
Results and analysis
Spatiotemporal changes in soil bacteria, fungi, and actinomycetes
The PLFA contents of bacteria and actinomycetes during each period ranged from 3.8 to 12.6 nmol g -1 and from 0.4 to 1.9 nmol g -1 , respectively, accounting for 57.1-68.2% and 46.4-54.9% of the vertical profile, Analysis of spatiotemporal variations in the characteristics of soil microbial communities… respectively, and showed strong surface aggregation. There were no significant changes in the other layers. During April and August, the fungal PLFA content in the upper 20-cm soil layer was relatively high, accounting for 51.2-57.6% of the vertical profile. Surface aggregation was obvious, and vertical changes in the profile during October and December showed gradual changes. The differences in changes between layers were not significant ( Fig. 3) .
At depths of \ 60 cm, the PLFA contents in bacteria and actinomycetes during different periods were similar, with the highest values in April; there were no significant differences in August, October, and December. The PLFA level in soil fungi at a depth of \ 20 cm was the same as that of bacteria and actinomycetes, whereas the PLFA contents in fungi at 20-40 and 40-60 cm depths varied. In addition, the PLFA contents of bacteria, fungi, and actinomycetes did not change significantly during the different periods after depths of more than 60 cm.
Soil F/B is an evaluation index for the dominance of bacteria and fungi (Fang et al. 2000) . The values tended to increase as depths increased during each period. In April, there was a strong change between layers with significant differences between \ 20, 20-60, and 60-100 cm depths. In contrast, in August, October, and December, changes were consistent between the layers, with significant differences between \ 40 and 40-100 cm (Table 3) . A comparison of soil layers during different periods showed that the lowest F/B value was only 0.1-0.3 in April. In August, the F/B value in the same layer increased significantly, reaching 0.3-0.5. There were no significant changes between October and August in the same layer; however, after 12 months, the F/B value for the \ 40 cm layer reappeared (Table 3) .
Spatiotemporal changes in soil G1 and G2 bacteria
April was the most active period for G? bacteria in the year, and G? bacterial contents at depths of \ 60 cm were significantly higher than those in August. However, there were no significant changes in August, October, and December. The content of G? bacteria in the \ 20 cm soil layer was significantly higher than in the lower layers at different times, and there was a clear surface aggregation occurrence. Additionally, variations in bacterial profiles differed for the 20-100 cm profile (Fig. 4) .
Spatiotemporal changes in PLFA contents of G-bacteria were more complex. The PLFA levels in the \ 20 cm layer were dramatically altered during the four periods, and changes at depths of 20-40 cm and 40-60 cm were substantial from April to August. From October to December, the levels were relatively stable, and there were no significant changes at depths of 60-100 cm. In April and August, the vertical variations in G-bacterial PLFA contents were not obvious; however, in October and December, a significant decrease was observed as soil depth increased.
The G?/G-ratios were 6.2-38.5, indicating a wide range of changes. There was no obvious regularity in the characteristics of changes in time and vertical profiles, and the performance was different (Table 3) .
Spatiotemporal changes in aerobic and anaerobic bacteria
Aerobic bacteria were most active during April, and PLFA levels were significantly higher than those of other periods in the same soil layer. However, the PLFA content did not change significantly from August to December. Temporal variations were observed in PLFA contents of anaerobic bacteria at depths \ 20 cm, with a significant decrease in August, a significant increase in October, and no significant decreases in December; other temporal changes were the same as those of aerobic bacteria (Fig. 5) .
In April, the PLFA levels of both types of bacteria showed obvious surface aggregation, and bacteria showed obvious changes in vertical profiles with increasing depth. Aerobic bacteria in layers \ 20, 20-40, and 40-100 cm still showed strong interlaminar changes from August to December. However, the PLFA contents of anaerobic bacteria only showed apparent aggregation at depths \ 20 cm. Differences between lower layers were not obvious (Fig. 5) .
The PLFA ratios for aerobic to anaerobic bacteria were 8.4-21.0, and there were no obvious trends in profile changes. The changes in \ 40 cm layers during different periods were substantial; however, the ratio in the 60-100 cm layer was stable, and there were no significant changes (Table 3) .
Analysis of factors influencing soil microbial communities
Detrended correspondence analysis of microbial community PLFAs in different months show that the maximum gradient length was 0.96, and linear characteristics were obvious. Therefore, linear model RDA was used to analyse the correlations between microbial community structures and environmental factors. RDA showed that the first and second axes in Fig. 6 explained 43.7% and 21.8% of the community structure variation, respectively, and the first four axes collectively explained 80.5%. The species-environment correlation coefficients of the first two sorting axes were 0.87 and 0.92, respectively, indicating that changes in these nine soil environmental factors were the main factors affecting microbial community structure. In addition to soil temperature, particle contents \ 0.001 mm and 0.05-1 mm, the remaining soil physicochemical properties, and other environmental factors significantly affected the microbial communities. Overall, litter and rainfall amounts and field water capacity had the greatest influence on microbial communities, accounting for more than 35% of the total variability (P \ 0.05).
Discussion
In this study, litter content, rainfall, soil field capacity, pH, and organic carbon content were important factors affecting microbial community structure. Litter was the primary carbon source and the most important factor. Studies have shown that these factors affect physicochemical properties and alter the microenvironment in which microorganisms live to modulate the activity, distribution, and community structures of microorganisms. Through these mechanisms, microbial PLFA content is altered (Hansson et al. 2011; Hoogmoed et al. 2014; Chen et al. 2015a, b; Banerjee et al. 2016; Deng et al. 2016; Kang et al. 2018; Xu et al. 2018) . Changes in 0.01-0.05 mm particle levels due to aeration and water retention also affected microbial community structure.
Soil pH was between 5 and 6 and such acidic conditions are not conducive to bacterial activity. However, some studies have suggested that in a subtropical monsoon climate, litter can rapidly decompose in a high-heat, highhumidity environment, promoting the growth and reproduction of bacteria (Cao et al. 2010) , resulting in high levels of PLFAs. Additionally, acidic conditions are more conducive to the activity of fungi than actinomycetes (Chen et al. 2016) , and the physiological functions of fungi are related to the decomposition of barely decomposable Aug.
Oct.
Dec. ). Note: A and B indicate differences in soil layers during the same month; a and b show differences within the same soil layer (P \ 0.05) Analysis of spatiotemporal variations in the characteristics of soil microbial communities… cellulose and lignin (Zhou et al. 2017a) . Therefore, the PLFA contents of soil fungi were lower than those of bacteria but higher than those of actinomycetes. March and April are the peak litter fall times for C. fargesii forests, accounting for 31% of the total annual litter and increasing rainfall, thereby stimulating the growth and reproduction of bacteria, fungi, and actinomycetes. The PLFA contents were significantly higher than in August, October, and December. The decomposition of litter in subtropical evergreen broad-leaved forests was the fastest during the first 90 days, with a weight loss rate of 13.6-20.8%; the rate of weight loss decreased thereafter (Zhao et al. 1991) . G?/G-and aerobic/anaerobic bacteria are two bacterial classifications. Our results show that the PLFA contents of soil G? bacteria or soil aerobic bacteria were much higher than those of G-bacteria and anaerobic bacteria, accounting for total PLFA amounts of 83% and 68%. Therefore, during the early stages of rapid decomposition of litter, soil G? and aerobic bacteria were the main groups involved in decomposition. With the breakdown of easily decomposable organic substances, relative accumulation of difficult-to-decompose substances such as lignin and cellulose was observed. In August, the decomposition rate of litter was reduced. In addition, nutrient competition between microbes, the growth of trees, and water stress caused by decreased rainfall also affected these results. The PLFA contents of all types of microorganisms decreased significantly. Litter contents also peaked in October; however, due to the high proportion of hard-to-decompose nut fruits (Chang-Yang et al. 2013 ) and forest growth, the demand for nutrients was reduced, and rainfall was low. The PLFA content of each microorganism was not dramatically affected, although the effects on fungi were significant. December was a period of dormancy. Additionally, the lower soil temperatures and soil water contents caused slow transformation of nutrients, and the growth of microorganisms was limited.
Soil F/B value in April, was 0.1-0.3, and the bacterial community was obviously dominant. With the continuous breakdown of easily decomposed organic matter, the relative accumulation of decay-resistant materials such as lignin and cellulose occurred in August and October. The value of F/B increased to 0.3-0.5, enhancing the fungi influence. The second litter apoptosis peak occurred in December, leading to a significant increase in bacterial dominance in the \ 40 cm layer, with little impact on lower layers. Soil F/B values can also be used to evaluate the stability of soil ecosystems, and higher ratios are associated with greater stability (Boyle et al. 2008) . The composition of soil microbial communities is greatly influenced by environmental factors and small changes in the soil will cause significant changes in the community (Lopez-Sangil et al. 2011 ), which will affect the stability of the soil system. Based on litter decomposition, April was the peak period, with complex organic composition and different decomposition characteristics, making the soil microorganisms extremely active. However, the soil ecosystem was in a highly unstable state. As the decomposition rates increased, the organic components were relatively singular, and it was more difficult for lignin and cellulose to decompose, making the soil ecological system more stable.
Compared with soil G-bacteria, soil G? bacteria had stronger population resistance to pressure and unique mechanisms for adapting to an acidic environment (Zhang et al. 2013b; Yan et al. 2014) . Accordingly, G? bacteria became the main soil bacterial species. Additionally, aerobic bacteria depend on soil aeration. In this study, the soil was sandy, with sand contents 0.05-1 mm reaching as high as 66-73%; deeper soil layers showed higher sand content. The whole profile exhibited good aeration and water permeability, which was beneficial to the multiplication activity of aerobic bacteria, making their PLFA content higher than that of anaerobic bacteria. Studies have shown that G?/G-bacteria ratios can reflect the consumption and accumulation of soil nutrients; higher ratios were related to faster consumption of nutrients, which was obviously not conducive to accumulation (Moore-Kucera and Dick 2008). The surface soil G?/G-bacteria ratios in April and August were significantly higher than in October and December, suggesting that nutrient levels were low. Although the rapid decomposition of litter in April could provide abundant nutrients, this was also the most active time for microbial activity in the year and the growing period for trees. However, large demands for nutrients were not conducive to accumulation in the soil. August was a period of rapid tree growth and the demand for nutrients was high, which was also not conducive to nutrient accumulation. Notably, the G?/G-value in this study was much higher than those reported in other studies (Chang and Chiu 2015; Xiao et al. 2018) . The results in a study by Fanin et al. (2013) suggest that P-driven stoichiometric control is important for understanding the spatiotemporal heterogeneity of the G?/G-value and that available soil phosphorus is an important limiting factor affecting soil G-biomass. In this study, available P at the study site was very low (0.5-2.2 mg kg -1 ) (Wang et al. 2006) , which may be an important factor leading to higher G?/Gvalue. However, further studies are needed to determine the specific reasons for these observations.
In addition to G-bacteria, the PLFA content of soil microorganisms showed obvious surface aggregation. Large amounts of litter, roots, and their secretions provided 
Apr.
Aug.
Dec. ). Notes: A, B, and C indicate differences in soil layers during the same month; a, b, and c show differences within the same soil layer (P \ 0.05) Analysis of spatiotemporal variations in the characteristics of soil microbial communities… the soil surface of the C. fargesii forest a sufficient carbon source, rich nutrients, and good ventilation, conducive to the reproduction and activity of soil microorganisms. However, the nature of the subsoil was similar to the parent material, with less organic matter content, poor nutrient status, and moisture and temperature conditions that were not suitable for microbial survival and growth (Pauli et al. 2012; Pasquini et al. 2015) .
Conclusion
Soil bacteria, fungi, and actinomycetes were mainly concentrated in the \ 20 cm layer, and surface aggregation was obvious. The initial plant growth in April was the most active time for the three types of soil microorganisms; however, the ecosystem was highly unstable. In August during the vigorous growth period, due to the small amount of litter, the inability of organic matter to decompose, the limited rainfall, and the high demand for nutrients in tree growth caused the PLFA contents of the microorganisms to decrease significantly until October (fruit maturity period), and in December (dormant period) to remain stable. Among G? versus G-bacteria and aerobic versus anaerobic bacteria, G? and aerobic bacteria were the main bacterial populations influencing overall trends in soil bacterial PLFA levels s and determining the characteristics of spatiotemporal changes in soil bacteria. The dominant microbial population during each time period was bacteria, indicating that soil nutrients were abundant. However, due to the relative accumulation of lignin, cellulose, and other difficult-to-decompose substances, the fungi effect may increase significantly. The soils of the C. fargesii forest were not conducive to the accumulation of nutrients, particularly during the early stages of growth and vigorous growth, during which nutrient contents were relatively low. Overall, the structure of the soil microbial community was affected by many factors, particularly the amounts of litter and rainfall, and soil field capacity. These results provide important information into the changes in soil microbial communities during different seasons in C. fargesii forests and could provide insights into the roles of soil microorganisms in maintaining the health of forests. 
